Ozone initiated oxidation of 2-chloro,4-bromophenol, (CBP) in aqueous system catalyzed by 1, 2.5 and 5% loadings of 1:1 molar ratio of Ce-Zr oxide on TiO2 were studied. The synthesized catalysts were characterized via BET, ICP, PXRD, TPD, TEM, SEM, and FT-IR analysis. The powder XRD data revealed that Ce-Zr exists in three different phases on titania. SEM and SEM-EDX confirmed well dispersed metal oxides on titania surface. 1 H NMR, IR and GC-MS positively confirm hydroxyfumaric acid (HFA) and oxalic acid (OA) as reaction products. 5% Ce-Zr/TiO2 showed best performance with100 % conversion in 4 h.
Introduction
Halophenols are widely used as wood preservatives and in the synthesis of chemicals such as insecticides, lubricants and dyes (Zhanga et al., 2009; Slack et al., 2005; Richardson and Ternes, 2014) . They are considered risky pollutants as they are non-biodegradable, bioaccumulates, toxic, mutagenic and carcinogenic (Verschueren, 1983; Tamer et al., 2006; Maddila et al., 2014a) . This has aroused interest in the dehalogenation of halophenols present in industrial effluents.
In the advanced oxidation processes (AOPs) for treatment of industrial wastewaters, the use of ozone and heterogeneous catalysts has considerably increased . The heterogeneous catalysts are widely used as they show good stability, negligible losses and improve the efficacy of ozone decomposition. These catalyst materials can also be easily recovered and reused. The efficacy of the catalytic ozonation process depends mainly on the surface properties of the catalyst and the pH of the solution (Kasprzyk-Hordern et al., 2003) . The metals, metal oxides and metal oxides with or without support are the heterogonous catalysts used predominantly. The catalysts with more than one metal generally exhibit synergistic behavior, which makes these catalysts more efficient.
The main aim of the research was to explore the effect of Ce-Zr loaded on titania as heterogeneous catalysts for degradation of chlorobromophenol with ozone as an oxidant in aqueous solutions and in terms of catalyst stability. In addition to comparing the activity of the loading of the catalyst on titania, a detailed analysis of the product profile and % conversion of the substrate was also carried out under varied conditions.
Materials and method 2.1. Ozonalysis experiment
For ozone generation, a Fischer Ozone 500 generator was used. Ozone enriched oxygen stream was passed through a sintered glass (porosity 2) into the 50 cm 3 reactor at a flow rate of 10 mL per min. The reactor temperature was maintained at (19 ± 1) °C by circulating water through double walled jacket. For each run, 20 mL 10 % w/v of 2-chloro,4-bromophenol (CBP) and fixed ozone concentration (0.05 M) and flow rate of 10 mL/min. A magnetic stirrer was used to ensure continuous mixing. Ozone concentration in oxygen stream was determined using KI method (Kasprzyk-Hordern et al., 2003; Maddila et al., 2014b) . Before and after each of the experiment the flow rate and ozone content were monitored in duplicate runs. Experiments were done in replicates.
Catalyst preparation
The synthesis of the metal oxide supported catalysts was done by wet impregnation method. Briefly, desired amount of cerium nitrate, zirconium nitrate were dissolved in double distilled water (20 mL). Into the 20 mL solution was added Titania (5.0 g) and stirred initially for 3 h at room temperature and thereafter for overnight. The as-prepared catalysts were dried at in an oven for 12 h at 110-130 °C and then calcined in air at 450 °C for 3 h ( 
Instrumentation
All the catalyst characterization and product identification was achieved adopting the following techniques: PXRD, SEM-EDX, TEM, N2 sorption, ICP, FTIR, GC-MS, 1 H NMR spectral analysis (Maddila et al., 2013; 2014a; Oseghe et al., 2015) .
Results and discussion 3.1. X-Ray diffraction
X-ray diffractograms of bimetallic catalyst are presented in Figure 1 . XRD diffractograms showed the presence of cerium oxide and zirconium oxide on the TiO2 support. The maximum intense and sharp peak at 2 ≈ 25° corresponds to (101) plane of TiO2 (PDF-ICDD 21-1272). The peaks obtained at approximately 48°, 55° and 69° corresponds to (220), (311) and (400) planes respectively and confirms the presence of pure CeO2 (PDF-ICDD 34-0394) phase. XRD patterns showed the presence of ZrO2 phase in the catalyst. Slight shift in peaks was observed due to variation in metal loadings on TiO2 support. 
BET Surface and elemental analysis
Surface area and pore volume of the prepared bimetallic catalysts are presented in Table 1 . All three bimetallic catalysts show minor difference in both pore volume and surface area. It is clear from the table that, addition and dispersion of Ce and Zr in TiO2 support enhances the surface area of all catalyst. Mixture of ceria, zirconia and TiO2 enhances the surface area of TiO2 have been reported in the literature (Reddy et al., 2003) . The study indicates that bimetallic catalysts show high surface area and low pore volume than TiO2 support without metal addition. Figure 2 shows the N2 sorption isotherm of the catalyst typical for type IV isotherms which therefore implies mesoporous materials. Table 1 also indicates the actual metal loadings of catalyst determined by ICP. Figure 3 (a,b,c) show SEM micrographs of bimetallic catalysts prepared with 1, 2.5 and 5 wt% Ce-Zr on TiO2 support. Figure 3 (d,e,f) reveal that all catalysts having similar morphology and clusters of metal particles are present on the support surface. Cerium and zirconium metal particles were evenly dispersed on the surface of TiO2 support. It has been also observed that with the increase in metal loadings, the agglomeration of particles increases. Surface of the TiO2 support seems more covered with metals in the case of 5% Ce-Zr/TiO2. Figure 3 (d,e,f) display the TEM images of CeZr/TiO2 catalysts. An examination of the TEM images indicates that agglomeration of the catalyst. The TEM micrograph shows that particles are of less than 10 nm in size and randomly oriented with round, oval and elongated shaped metal oxide particles. 
SEM and TEM

IR spectra
The absorption bands observed at 788, 796 and 790 cm -1 endorse the existence of Ce-Zr on TiO2 ( Figure 4 ). While 1% Ce-Zr on titania showed IR bands at 518 cm -1 and 1124 cm -1 ; 2.5% Ce-Zr displayed 542 cm -1 and 1057 cm -1 bands; plus the 5% Ce-Zr on titania exhibited bands at 548 cm -1 and 1053 cm -1 . The peaks corresponding to Ce-Zr-O can be witnessed in all three samples as absorption bands at 1636 cm -1 and 1635 cm -1 . The Ce-O vibrational stretching peaks for the three catalysts respectively can be observed at 425 cm -1 , 427 cm -1 and 434 cm -1 [6] . The absorption bands observed at 3213 cm -1 , 3258 cm -1 and 3255 cm -1 for 1%, 2.5% and 5% Ce-Zr/TiO2 respectively confirm the manifestation of hydroxyl groups on their surfaces. 
Product characterisation
During aeration of the samples with ozone enriched oxygen, the organic contents were extracted from the reaction mixture and analyzed at 60 min intervals in every reaction. Each run was carried out in triplicates and data obtained was with ± 2% error. After separation of the oxidation products from the parent compound (CBP) using column chromatography and the product mixture was characterised using GC-MS ( Figure 5 ). The mass spectra consequently confirmed the presence of two products namely hydroxyfumaric acid (HFA) and oxalic acid (OA). The proton NMR spectra of HFA displayed two singlets at δ 14.23 ppm and δ 10.29 ppm confirming the presence of COOH, CH groups respectively ( Figure 6 .a). Infrared spectra of HFA revealed the representative absorption bands at 1629, 3082, 3320 cm −1 for the C=C C−H and COOH stretching vibrations respectively ( Figure 6.b) . Further, the mass spectrum exhibited m/z peak at 149 (M+H) ( Figure  6 .c). Likewise, the oxidant product OA showed a broad singlet for COOH protons at δ 13.10 ppm (Figure 7 .a). The absorption bands were obtained for the stretching frequencies of COOH, CH and C=O groups at 3444, 3069, and 1890 cm −1 respectively by the IR spectra of the OA product (Figure 7.b ). In addition, the mass spectrum indicated the m/z peak at 91 (M+H) (Figure 7 .c). The functional groups of oxidant products examined by IR and data of 1 H-NMR, mass spectra were consistent with one another. The partial mineralization of products and formation of CO2 during the ozonation process was positively verified by bubbling the gases through lime water, which turned milky. Ozone initiated oxidations are generally known to produce small chain biodegradable acids as the oxidation products. 
% Conversion and selectivity
Using 10% CBP (w/v), ozone aeration experiments were carried under uncatalysed and catalysed conditins (with three different loadings of catalysts) and under three pH conditions, 3, 7 and 11. Uncatalysed studies reveal that an increase in pH enhances the % conversion (Figure 8a) , which proposes that • OH is reactive species driving the oxidation of CBP. A perusal of % conversion data for catalyzed reactions (Figure 8b) indicates that while the catalyzed reactions are invariably faster, similar to the uncatalysed reaction the increase in pH enhanced the % conversions, suggesting alkaline pH 11 is optimum conditions for all the reactions. An examination of the % conversion profiles in Fig. 4b explicit that the composite material with 5% Ce-Zr/TiO2 as catalyst gave 100% conversion in 4 h of ozonation, whereas the 1 and 2.5% Ce-Zr doped titania catalyst took 5h to achieve the 100% conversion. The Figure 9a -c also summarises the trends in % conversion of CBP with different wt% of Ce-Zr on titania at pH 11 together with the product selectivity. The current results suggest that mixed metal loaded on support catalysts yielded good catalytic activity facilitating the ozone decomposition and enhancing the substrate conversions.
Reaction mechanism
The process of heterogeneous catalysis is influenced by the catalyst surface properties, target contaminants and pH of the solution. As a result, the establishment of formation of reactive species becomes more difficult. In the catalysed reaction, the surface Lewis acid sites especially (Maddila et al., 2014a) . It is proposed that active sites on the surface of the catalyst enable the substrate binding, probably on the ceria site and the decomposed ozone attacks the organic molecule from its adjacent site. The active adsorptive sites, in addition to binding of organic molecules, also could facilitate the formation of activated complexes with other reactive molecules/oxy radicals minimizing the activation energy for the reaction. Adsorption of the substrate on the catalyst surface may consequently generate a five or six-membered chelate ring appears to be anionic. Overall, this will improve the oxidative dehalogenation and degradation process of the organic molecules. The reaction intermediates on the catalyst surface or desorbed into solution can easily be attacked by O3 or  OH like species, generating secondary and tertiary oxidation products Maddila et al., 2013) . Finally, oxidation byproducts are formed due to the oxidation of surface complex by O3 or  OH on surface of the catalyst by either desorption or adsorption. Essentially in this mechanism, the acidic nature of the metal contained catalysts, together with organics forms the chelate which can be further oxidised by O3 or  OH. Thus, the proposed mechanism describes the good adsorptive properties and advantages of presence of ideal catalyst in an ozonation process.
Ernst et al have observed that, the organic molecule's adsorption on the surface of catalyst may not be essential to afford the catalytic effect. Besides, the adsorption would possibly hinder the activity caused by shrouding of the OH species . In ozonation process, the O3 is initially adsorbed on the surface of the catalyst and subsequently decomposed rapidly due to the existence of OH species. Upon ozone decomposition, active oxygen is formed and it then reacts with support's hydroxyl surface groups to produce highly negative ions (OH  or O2H  ) which in turn react rapidly with another O3 molecule to form radicals (˙OH or ˙O2H). These formed radicals further react with a new ozone molecule to produce a ˙O3  . This radical is decomposed into O2, a free ˙OH which can play a part in organic compound's oxidization either in solution or on the surface of catalyst.
In consequence, the characteristics of organic substrate play a crucial role in its oxidative degradation during the ozone facilitated oxidations in presence of catalyst. The pH of solution influences the binding and desorption of organic molecules on the catalyst surface. For the many interfacial reactions, adsorption is known to be the rate limiting step, which dictates the overall removal or degradation of the organics or pollutants. The catalyst activity for accelerated generation of  OH radicals, is linked with the metal oxide's surface properties. Different reaction intermediates and products could possibly form during ozonation of chlorophenols. During the ozone initiated oxidation of chlorophenols, dechlorination and formation carboxylic acids and other hydroxylation products has been reported Chetty et al., 2012; Maddila et al., 2013) . From the current study, based on the reaction products, an electrophilic attack the aromatic ring by hydorxyl radical and other species is proposed. The carbon-carbon double bonds of the oxidation products formed as a result of breaking of the aromatic ring get further attacked by ozone and hydroxyl radicals (Proposed mechanism). As reported in the literature aliphatic acids were anticipated and were found as reaction products. The prolonged reaction leads to mineralized products.
Conclusions
Our study showed that the wet impregnation method permits the synthesis of bi-metallic catalysts with good metal dispersion. The size of catalyst particles, and reaction parameters play a significant role in ozonolysis, so catalytic properties are strongly affected by the preparation method of the catalyst. Titania is a suitable support for loading the bimetallic Ce-Zr oxide catalysts. The CBP oxidation was quantitative with 100% dechlorination. HFA and OA were main products of which OA was the secondary product, with partial mineralization. Catalysed ozonation is proved to be an effective method to remove chloro, bromo and hydroxy groups from substituted organic molecules.
